Melt extraction from partially molten regions of the mantle occurs along high-permeability pathways. Melt-rock reactions can lead to the formation of high-permeability channels due to a positive feedback between melt flow and reaction. To study this process, we performed a series of Darcytype experiments in which a cylinder of partially molten rock sandwiched between a melt source and a porous sink was annealed at high pressures (P ¼ 300 MPa) and high temperatures (T ¼ 1200 or 1250 C) under a controlled pressure gradient (oP/ox ¼ 0-100 MPa mm -1 ) for up to 5 h. The partially molten rock was formed from 50:50 mixtures of olivine (Ol) and clinopyroxene (Cpx) plus 4, 10 or 20 vol. % of alkali basalt. The melt source was a disk of alkali basalt undersaturated in silica with respect to the partially molten rock, and the sink was a disk of porous alumina. During an experiment, melt from the source dissolved Cpx in the partially molten rock and precipitated Ol, thereby forming a Cpx-free reaction layer at the interface between the melt source and the partially molten rock. The melt fraction as well as the grain size in the reaction layer increased significantly compared with that present in the starting material, confirming that the reaction increased the local permeability of the partially molten rock, one of the prerequisites for the reaction infiltration instability process to operate. In experiments carried out under a small pressure gradient (and hence slow melt flow velocity), the reaction layer remained roughly planar and no channels developed. However, if the melt flow velocity by porous flow exceeded $0Á1 mm s -1 , the reaction layer locally protruded into the partially molten rock forming finger-like, melt-rich channels. The morphology and spacing of the channels depended on the initial melt fraction. In a partially molten rock with 20 vol. % melt, multiple, voluminous channels with an elliptical core of pure melt developed. At lower melt contents, fewer and thinner channels formed. Our experiments demonstrate that melt-rock reactions can lead to melt channelization in mantle lithologies, consistent with general predictions of the reaction infiltration instability theory.
INTRODUCTION
Melting of rocks commences at the grain scale in mantle and crustal source regions. Therefore, separation of melt from residual solid requires that melt flows for some distance through a connected network of grainscale channels by porous flow. Melt can migrate through the partially molten rock in response to various gradients (e.g. in gravitational potential, stress, temperature or chemical composition) and, on its path from generation to eruption, must cross a broad range of pressure and temperature conditions. Hence, many different melt migration processes can be activated (e.g. Kohlstedt & Holtzman, 2009) . The interplays and feedbacks between melt and matrix determine the chemical as well as physical properties of erupting lavas, which can be sampled to obtain information about the source of the melt (e.g. Hirschmann & Stolper, 1996; Pilet et al. 2008; Lambart et al., 2009 Lambart et al., , 2012 as well as the pathway the melt followed toward the surface. To interpret the geochemical and geophysical signatures, detailed knowledge of melt migration processes is necessary (e.g. Spiegelman & Kelemen, 2003; Liang et al., 2011; Elliott & Spiegelman, 2014) .
Observational constraints
The most abundant minerals in the mantle are olivine (Ol), orthopyroxene (Opx) and clinopyroxene (Cpx). The mantle is lithologically heterogeneous on a variety of length scales: on the outcrop scale as a result of meltrock interactions, compositional layering, and deformation (e.g. Tegner & Robins, 1996; Le Roux et al., 2007; Toy et al., 2010; Linckens et al., 2011; Jousselin et al., 2012) ; on the planetary scale, due to subduction of old oceanic lithosphere and subsequent convective mixing (Tackley, 2000) . In simple tectonic settings, as for example below a spreading center, melting commences as a result of the upwelling of the solid mantle, and, once the solidus is crossed, primitive melts start to form. Geophysical constraints suggest that the ambient melt fraction in melt source regions is only of the order of a few per cent (Forsyth et al., 1998; Key et al., 2013) , much smaller than the total integrated degree of melting. These primitive melts ascend due to buoyancy and undergo polybaric mixing and fractional crystallization (Grove et al., 1992) until they erupt on the ocean floor as mid-ocean ridge basalts (MORB) Brandl et al., 2015) . Interestingly, MORB sampled at the ocean floor are undersaturated in Opx, which, however, is abundant in abyssal peridotites through which the melt must have migrated (Kelemen et al., 1995a) , implying that melt transport is rapid enough such that the melt does not equilibrate with the surrounding rocks in the uppermost mantle (Spiegelman & Kenyon, 1992) . Also, MORB-like liquids are in chemical equilibrium with the surrounding peridotitic mantle only at pressures higher than $0Á8 GPa. It follows that MORB-like liquids must avoid chemical re-equilibration with the surrounding mantle from $0Á8 GPa upwards (i.e. $25 km depth). Furthermore, timing constraints from U-series disequilibria suggest that melt extraction from the mantle is relatively rapid, with melt velocities of the order of 1-10 m a -1 (Elliott & Spiegelman, 2014) . Therefore, some sort of high-permeability pathways from the melt source region toward the surface must exist. Geological evidence of possible melt conduits in the mantle consists of anastomosing tabular dunite (>90% Ol) bodies crosscutting peridotite host-rocks as observed in ophiolitic massifs (Boudier & Nicolas, 1985; Braun & Kelemen, 2002; Sundberg et al., 2010; Kruckenberg et al., 2013; Akizawa et al., 2016; Dygert et al., 2016) . The dunite bodies seem to be of replacive rather than intrusive origin and, furthermore, are in trace element equilibrium with MORB-like liquids. Therefore, the dunite bodies probably represent fossilized mantle melt conduits (Kelemen et al., 1995a) . Furthermore, dunite bodies often appear to be associated with zones of high strain, highlighting the possible importance of coupled deformation and melt migration in the broader context of melt segregation from the mantle (e.g. Kelemen & Dick, 1995; Kruckenberg et al., 2013) . In summary, geochemical, geophysical and geological evidence suggests that, at some stage from melting to eruption, melt must segregate into high-permeability channels with extraction isolated enough to preserve chemical disequilibria and rapid enough to preserve radiogenic disequilibria (Spiegelman & Kenyon, 1992 ; for reviews see also Kelemen et al., 1997; Elliott & Spiegelman, 2014) . Although there is general consensus that melt flow in the mantle commences by diffuse porous flow, which later becomes channelized, the processes leading to such channelization are still under debate. Possible melt channelization processes can be broadly separated into two end-member categories: (1) stress-driven melt segregation and (2) reaction-driven melt segregation (Kohlstedt & Holtzman, 2009; Holtzman & Kendall, 2010) . In nature, reaction-and stress-driven melt segregation processes probably interact to form anastomosing, tabular dunite bodies (e.g. Baltzell et al., 2015) . In the laboratory, melt channelization due to stress in high-pressure, high-temperatures (HP-HT) experiments has been well documented (e.g. Holtzman et al., 2003; Holtzman & Kohlstedt, 2007; Kohlstedt et al., 2010; King et al., 2010; Qi et al., 2013) . However, channelization due to reaction at HP-HT conditions has received much less attention from experimentalists (e.g. Daines & Kohlstedt, 1994; King et al., 2011a King et al., , 2011b Pec et al., 2015) and is, therefore, the topic of this contribution.
Reaction-driven melt segregation
Reaction-driven melt segregation can occur when a reactive fluid percolates through a dissolvable matrix (Chadam et al., 1986) . In such settings, fluid flow can channelize as a result of a positive feedback between flow and reaction, which modifies the microstructure and hence the permeability. This process can lead to the development of finger-or tree-like structures and patterns in a wide variety of systems as demonstrated experimentally (Daccord, 1987; Daccord & Lenormand, 1987; Hoefner & Fogler, 1988; Daccord et al., 1993a Daccord et al., , 1993b Daines & Kohlstedt, 1994; Kelemen et al., 1995b; Renard et al., 1998; Pec et al., 2015; Osselin et al., 2016) and theoretically (Chadam et al., 1986; Ortoleva et al., 1987; Hinch & Bhatt, 1990; Steefel & Lasaga, 1990; Daccord et al., 1993a Daccord et al., , 1993b Aharonov et al., 1995 Aharonov et al., , 1997 Spiegelman et al., 2001; Liang & Guo, 2003; Liang et al., 2010 Liang et al., , 2011 Hesse et al., 2011; Schiemenz et al., 2011; Szymczak & Ladd, 2013 Kondratiuk & Szymczak, 2015; Jordan & Hesse, 2015) .
The reaction relevant for upper mantle settings is dissolution of pyroxene and precipitation of olivine by the percolating melt, thereby forming a replacive dunite channel (Aharonov et al., 1995; Spiegelman et al., 2001) . Aharonov et al. (1995) extended the classical reaction infiltration instability (RII) theory to magmatic systems by introducing viscous compaction of the matrix and a solubility gradient along the flow direction in place of a propagating reaction front. The significant difference from the classical formulation of the RII problem is that channels form downstream of the reaction front rather than at the reaction front. Spiegelman et al. (2001) then numerically investigated a large parameter space and charted regions where reactive channelization does or does not occur. Later studies, however, pointed out that it is necessary to consider the energy balance of melting (Hewitt, 2010; Keller & Katz, 2016) . In these studies, no channelization occurred in numerical simulations of an upwelling mantle of uniform composition; however, channelization did occur if a more fusible segment was included in the models, highlighting the importance of mantle heterogeneity for melt channelization Jordan & Hesse, 2015) .
THEORY
A comprehensive theory for melt migration has emerged from the treatment of a partially molten rock as a two-phase continuum composed of a deformable solid and a fluid, with vastly different viscosities (McKenzie, 1984) . At textural equilibrium, the topology of the melt phase is described by the dihedral angle, h, which is determined by the relative values of the solidsolid and solid-liquid interfacial energies. If the dihedral angle is <60
, as is the case with basaltic melts in mantle rocks (e.g. Toramaru & Fuji, 1986; von Bargen & Waff, 1986; Waff & Faul, 1992; Yoshino et al., 2005; Garapi c et al., 2013; Daines & Pec, 2015) , the melt phase is fully interconnected at low melt fractions and can therefore migrate by porous flow. Darcy's law then describes such flow as
where q is the Darcy flux, k is the permeability, m is the fluid viscosity, and !P is the pressure gradient that drives the fluid flow. The porosity-permeability relationship for partially molten rocks is usually approximated as
where d is the grain size, / is the melt fraction, s is the melt fraction exponent, and C is a geometrical constant (e.g. Faul, 1997; Wark & Watson, 1998; Bernabé et al., 2003; Miller et al., 2014 Miller et al., , 2016 . Permeability is not a material constant but rather an evolving property of the system. If the fluid moving through the rock reacts with one or more of the solid phases, initial variations in permeability can be amplified by the reaction. As illustrated in Fig. 1 , if the reaction locally increases permeability, subsequent flow increases as well, promoting further reaction. The development of fluid-rich channels is then treated in the framework of the RII theory (Chadam et al., 1986; Ortoleva et al., 1987; Hinch & Bhatt, 1990; Steefel & Lasaga, 1990; Aharonov et al., 1995; Spiegelman et al., 2001; Szymczak & Ladd, 2013 . Whether the reaction front propagates in a stable manner or instabilities develop can then be analyzed in terms of two dimensionless quantities. First, the Pé clet number quantifies the advective transport rate of the fluid with respect to the diffusive transport rate as
where w 0 is the background fluid flow velocity, related to Darcy flux as w 0 ¼ q//, L is the length scale of interest, and D is the diffusion coefficient. At a high Pé clet number, diffusion is negligible relative to transport rate. In other words, if a perturbation develops parallel to the flow direction, it is not easily smoothed out by lateral diffusion, as indicated in Fig. 1a .
The second governing quantity is the Damkö hler number, which quantifies the reaction rate with respect to the transport rate as
where q fluid is the density of the fluid. In equation (4), R eff is the effective reaction rate constant defined as
where r is the linear dissolution rate, q solid is the density of the solid, and SSA is the specific surface area available for reaction. In equation (5), n is the ratio of solidliquid surface area to the total surface area, because only wetted grains can dissolve in the melt (Aharonov et al., 1995) . A high Damkö hler number implies fast reaction rates with respect to the transport rate. In other words, the fluid quickly equilibrates with its surroundings and does not dissolve the matrix far in front of the reaction front. As an alternative to the Damkö hler number, a dimensional equilibration length can be defined as
that is, the distance over which the fluid will advect before equilibrating with its surroundings (Aharonov et al., 1995) . Recently, Szymczak & Ladd (2013) identified two important length scales in the RII problem: the upstream length scale, L u , over which all the soluble material is fully removed and the concentration of the reactant decreases, and the downstream length scale, L d , over which the material transforms into the undissolved state and all the reactant is consumed; the latter is equivalent to the equilibration length ( Fig. 1b ; Szymczak & Ladd, 2013 .
EXPERIMENTS
From the above outlined theory, it follows that, to study the RII at HP-HT conditions, several parameters need to be controlled during an experiment. First, a steady supply of reactive melt must be available. Second, the melt flow velocity must be varied to explore a range of Da and Pe numbers, which according to theory determine whether channels do or do not develop. Classical dissolution couple experiments, in which a (large) melt reservoir is placed next to a (partially molten) rock and annealed at HP-HT conditions, give insight into the petrological and chemical changes accompanying reactive melt infiltration (e.g. Daines & Kohlstedt, 1994; Morgan & Liang, 2003 van den Bleeken et al., 2010; Tursack & Liang, 2012; Saper & Liang, 2014) . However, the melt flow velocity cannot be controlled in these experiments and is determined by surface tension driven flow, which redistributes the melt from high to low melt fraction regions (e.g. Riley & Kohlstedt, 1991; Daines & Kohlstedt, 1993) . This flow velocity seems to be insufficient for the development of RII and, therefore, finger-like channels are generally not observed in dissolution couple experiments (e.g. Morgan & Liang, 2003 .
To overcome this difficulty, we developed an experimental set-up that allows control of the melt flow velocity while providing enough reactive melt for continued reaction on experimental timescales . The experimental set-up and the boundary conditions present during the experiments are illustrated in Fig. 1c . We used an internally heated gasmedium apparatus with a pore pressure actuator (Fischer & Paterson, 1989) ; a large argon gas reservoir controls the confining pressure, and a smaller argon gas reservoir controls the pore pressure. We sandwiched a partially molten rock between a large melt source and a porous sink. This set-up allowed us to perform Darcy-type flow experiments in which we (2)], 2r, sample diameter, ', sample length, P p1 , pore pressure in the melt source (¼ P c , confining pressure; dotted arrows), P p2 , pore pressure in the porous sink (¼ P p , gray arrow). It should be noted that the confining pressure acts on all parts of the assembly. Only the outflow boundary into the porous sink is under the lower pressure present in the rigid porous sink.
controlled the melt flow velocity via the pressure difference between the melt source and the melt sink, as shown in Fig. 1c . Further, we moderated the melt flow velocity via the permeability of the partially molten rock by changing the grain size and/or the melt fraction [see equation (2)]. Finally, we controlled the reaction rate [see equation (5)] as well as fluid viscosity by using rocks and melts of desired chemical compositions and grain sizes as well as by varying the temperature. With control over these crucial parameters, we explored some portion of the parameter space in terms of Da and Pe numbers to chart out regions in which reactive channelization occurs. Because RIIs grow from initial heterogeneities in permeability, we focused on the effect of varying background melt fraction on the development of RIIs in this contribution.
Experimental details Starting materials
To prepare the partially molten rock, we mixed powders of San Carlos olivine (10 mm mean particle size determined by a particle size analyzer) and Sleaford Bay clinopyroxene (3 mm mean particle size) in a 50:50 ratio by weight. Subsequently, we added 4, 10 or 20 vol. % of alkali basalt powder from the Hualalai AD 1800-1801 lava flow, Hawaii, to synthesize rocks with a range of initial permeability. To obtain a well-mixed starting material, we mixed a slurry formed by adding acetone to the powders for $5 min in an ultrasonic bath. The acetone was then evaporated in a vacuum oven at 110 C, and the resulting powders were fired at 900 C for 8 h in a controlled oxygen fugacity atmosphere within the stability field of the constituent minerals, to prevent oxidation or reduction and burn off any remaining carbon.
As a melt source, we used the same alkali basalt powder, and fired it under identical conditions to those for the Ol:Cpx þ melt mixtures. In some experiments, we doped the melt source with $1 wt % praseodymium or ytterbium, to improve X-ray attenuation of the glass. After firing, the powders were first cold-pressed into nickel cans (length ¼ 30 mm, ø id ¼ 13Á5 mm) and subsequently isostatically hot pressed in a gas-medium apparatus at a confining pressure of P c ¼ 300 MPa and a temperature of T ¼ 1200 C for 75 min (melt source) or 200 min (partially molten rock). At the end of hot pressing, the furnace power was turned off, causing rapid cooling at $2 C s -1 in the temperature range from 1200 to 600 C. The pressure was then lowered together with the temperature to room conditions within $30 min.
Experiment set-up
The hot-pressed cylinders of the partially molten rock and basaltic glass were cut and ground right parallel to the desired dimensions, such that a relatively large melt to partially molten rock ratio of >1Á2:1 was achieved (Table 1) . This large ratio is necessary to avoid chemical equilibration between the melt source and the partially molten rock at HP-HT conditions over experimental time scales. The partially molten rock was then sandwiched between the melt source and a porous alumina sink (length ¼ 13-14 mm, ø od ¼ 13Á5 mm). The $20% porosity of the porous alumina sink is fully interconnected. To prevent leaks during experiments, the porous alumina sink was inserted in a nickel can with a 1Á5 mm wall thickness in later experiments. Also, in some experiments, the partially molten rock was wrapped in a thin nickel foil, which covered the partially molten rock-metal jacket interface (perpendicular to the imposed pressure gradient) from top and bottom to prevent any melt flow along this interface. This bypass flow path was problematic in samples with a low melt fraction and, hence, low permeability. The melt sourcepartially molten rock-porous sink triplets were then placed between alumina and zirconia pistons, slid into an iron jacket, and inserted into the gas-medium apparatus. As mentioned in the Introduction, previous theoretical work on the development of RII in mantle rocks employed a solubility gradient of the solid phase in the percolating liquid (Aharonov et al., 1995; Spiegelman et al., 2001 ). This choice is motivated by the fact that the solubility of Opx in MORB-like liquids increases with decreasing pressure in nature. However, it is technically difficult to impose such a solubility gradient within the partially molten rock in HP-HT experiments. We therefore approached the RII experiments from the moving reaction front limit, motivated by the original formulation of the RII problem (Chadam et al., 1986 ; see also Szymczak & Ladd 2013 .
In experiments with pore pressure, P p , of 0Á1 MPa, the porous sink was vented directly to the atmosphere through the thermocouple hole, as noted in Table 1 . In experiments with P p > 0Á1 MPa, the porous alumina sink communicates through the thermocouple hole and high-pressure tubing with a pore pressure reservoir filled with argon gas, which can be pressurized independently of the confining pressure that acts on the whole sample assembly. This arrangement allowed us to establish a pressure difference between the sink and the melt source [see Fischer & Paterson (1989) for details of the apparatus]. A three-zone furnace achieves heating, and the temperature is held constant with a proportional-integral-derivative (PID) controller. The tip of the thermocouple is located at the top of the porous alumina sink, about 12 mm away from the top of the partially molten rock. Frequent temperature calibrations ensure a flat hot zone with temperature variations of 62 C over $35 mm.
Experiment execution
The sample assembly was first pressurized to P c ¼ 200 MPa while keeping the pore pressure at 0Á1 MPa to collapse the iron jacket around the triplet (melt source-partially molten rock-porous sink) and ensure a tight fit. Subsequently, the sample was heated to the desired run temperature (1200 or 1250 C) at a rate of $2 C s -1
. During heating and pressurization, P p was kept $10 MPa lower than P c to prevent jacket rupture up to the desired value of P p . The increase in T during heating raised both P c as well as P p at similar rates. Once the desired P p was reached, a PID controller was used to keep P p constant while P c increased toward its final value of 300 MPa. Typically, the heating and pressurization procedure took 20-30 min. Experiments were then held at P c ¼ 300 MPa, P p ¼ 0Á1 to 300 MPa and T ¼ 1200 or 1250 C for up to 5 h (Table 1) . At the end of each experiment, the samples were quenched and depressurized to ambient conditions as described in the section on Starting Materials. A summary of all performed experiments is presented in Table 1 .
ANALYTICAL METHODS
After quenching, the melt present at experimental P-T conditions is glass. Because the quench is rapid, we assume that the spatial distribution of glass at room conditions represents the spatial distribution of melt at experimental conditions. However, the solidification of melt to glass is accompanied by chemical changes due to rapid crystallization of minerals from the melt adjacent to crystalline phases that can result in quench overgrowths (e.g. Jaques & Green, 1979) . Further details of the analytical methods used are described in the Appendix.
RESULTS

Starting materials
To investigate the initial microstructure, we cut and polished a piece from every hot-pressed sample. As shown in Fig. 2 , on scales much larger than the grain-scale, glass creates pools in the partially molten rock, which increase in size and number density as the melt fraction increases. A higher magnification image in Fig. 3 documents that, on the grain scale, glass resides along triple junctions and grain boundaries. The grain size distributions for each of the minerals in the starting materials are presented in Fig. 4 . The mean grain size, d equ , of Ol and Cpx after hot pressing were 5 mm and 3 mm, respectively, irrespective of the melt fraction added. In the melt source, the glass contained $10% iron-rich Ol phenocrysts with d equ ¼ 50 mm, and a few plagioclase crystals (Fig. 2d) . Because the starting powders were not in chemical equilibrium with each other before hot pressing, the chemical composition shifted slightly compared with the initial composition ( Fig. 5 ) and larger grains develop chemical zoning visible in back-scattered electron (BSE) images. The zoning, however, is too subtle to be resolved with energy-dispersive spectrometry (EDS; Fig. 3 ). The mean composition of Ol in the partially molten rock is Fo % 88, whereas the mean composition of the olivine phenocrysts in the melt source is Fo % 78. The most significant shifts in chemical composition are observed in the glass and Cpx (Fig. 5) .
To estimate the initial permeability of the partially molten rock, we calculated the bulk grain size taking together 500 Ol and 500 Cpx grains from all hot-pressed samples (d equ ¼ 4Á2 6 2Á6 mm). We then used the latest parameterization of the grain-scale porosity-permeability relationship as determined on olivine-basalt aggregates (Miller et al., 2014) . The porosity-permeability relationship derived by Wark & Watson (1998) yields permeabilities that are about an order of magnitude smaller than those calculated based on the porositypermeability relationship of Miller et al. (2014) ; values are summarized in Table 2 . As demonstrated in Fig. 6 , regardless of the porosity-permeability relationship used, the variation in melt fraction among samples yields a range of about two orders of magnitude in permeability.
Experimental results
We conducted a series of experiments varying the imposed pressure gradient, temperature and time for each partially molten rock with given nominal melt fraction of / % 0Á04, 0Á1 and 0Á2, as summarized in Table 1 . After terminating the experiment, the jacketed samples were optically inspected and imaged; an example is included in Fig. 7 . From the deformed shape of the melt source region of the sample, it was immediately apparent in which experiments the melt migrated from the melt source through the partially molten rock into the sink (Fig. 7a) . The melt source retained its rightcylindrical shape in experiments in which the melt did not reach from the source all the way to the sink (Fig. 7b) .
To calculate the initial melt flow velocity for each experiment we used Darcy's law [equation (1)]. We calculated the initial permeability of the starting material [equation (2), Fig. 6 ], the viscosity of the alkali basalt melt was calculated based on the model of Giordano et al. (2008) (Table 2) , and the pressure gradient driving the flow was calculated as (P p -P c )/', where ' is the measured length of the sample (see Fig. 1c ). Finally, we divided the Darcy flux, q, by the nominal melt fraction to obtain the melt flow velocity (Table 3) . We note that these melt migration velocities via porous flow are valid only in the beginning of the experiments before the reaction significantly modifies the permeability and channels develop.
In the plot of melt velocity versus pressure gradient in Fig. 8 , a clear pattern emerges. No melt traveled from the melt source all the way to the sink in samples with low permeability that were annealed under small pressure gradients; that is, with slow melt-flow velocities. In these experiments, the melt source retains its right-cylindrical shape (Fig. 7b) . As the melt-flow velocity increased, melt from the source traveled all the way to the sink, and the melt source is squeezed (Fig. 7a) . The calculated threshold velocity delimiting these two regimes is about 1 mm s -1 using the permeability parameterization of Miller et al. (2014) and 0Á1 mm s -1 using the permeability parameterization of Wark & Watson (1998) , as illustrated in Fig. 8 . In the following section, we describe the microstructural changes accompanying reactive melt migration in detail and focus on the high-permeability pathways that allow for rapid melt extraction.
Microstructural analysis
Features of interest are highlighted in the reflected light images of the melt migration triplets in Fig. 9 . In all experiments, a reaction layer developed on the melt source-partially molten rock interface; that is, on the inflow boundary (see Fig. 1c ). This layer became more 'wavy' with increasing T and !P until it bulged significantly into the partially molten rock, demarcating the presence of a melt-rich channel (Fig. 9b and c) . We discuss first the commonalities observed in all reaction layers irrespective of the imposed pressure gradient.
Reaction layer
In the high-magnification images in Fig. 10 , the reaction layers consist of Ol þ glass with no Cpx, except for skeletal crystals that grow during quenching. These Cpx quench crystals mostly occur at the reaction layerpartially molten rock interface and within single melt-rich channels. Furthermore, at the reaction layerpartially molten rock interface euhedral Cpx crystals are occasionally observed (Fig. 10d) . A thin Fe-rich rim that appears bright in the BSE z-contrast images is present on all olivine crystals in the reaction layer. Figure 11 quantifies the microstructural changes that occur in the reaction layer. The melt fraction in the reaction layer, / RL % 0Á2-0Á5, is significantly larger than the initial melt fraction in the partially molten rock, / % 0Á04-0Á2, and increases with increasing anneal time. Furthermore, the melt fraction in the reaction layer is larger at higher temperature; however, the scatter in melt fraction is also large. Finally, the melt fraction in the reaction layer depends only weakly on the initial melt content in the partially molten rock. The Ol grain size in the reaction layer increases with increasing time and temperature (Fig. 11a) . The layer thickness increases as a function of time and temperature (Fig. 11c) ; however, the scatter in layer thickness is too large to conclude if the scaling with time follows a linear or square root relationship.
Melt-rich channels
As observed in the high-magnification BSE images of the channels in Fig. 12 , the reaction layer is not planar in samples annealed with a large pressure gradient (i.e. high melt flow velocities) over the entire interface between the partially molten rock and the melt source (i.e. the inflow boundary); embayments of melt are evident in two-dimensional (2-D) sections parallel to the melt flow direction as shown in Fig. 9 . The morphology and spacing of the channels depends on the initial melt fraction. Partially molten rocks with a higher initial melt fraction (/ % 0Á2) contain multiple, voluminous channels, whereas samples with low initial melt contents (/ % 0Á04) develop fewer and thinner channels, as observed in Figs 9a, b and 12. Because channels have a sinuous pathway, they move in and out of the plane of observation in 2-D sections. The three dimensional (3-D) reconstruction of the channel morphology permits study of the full spatial extent. Some of the more voluminous channels have multiple branches, and only a few channels (1-3) connect the melt source with the melt sink, as can be seen in Fig. 13 . Less voluminous, shorter channels are common at the partially molten rock-melt source interface (i.e. inflow boundary) in samples annealed for long times. This point is also evident in 2-D observations, in which more channels are observed at the partially molten rock-melt source interface (i.e. inflow boundary) than at the partially molten rock-melt sink interface (i.e. outflow boundary; see Fig. 9 ). The melt-rich channels occupy only about 2% of the sample volume in the longest duration experiments using partially molten rocks with the highest starting melt fraction of / % 0Á2. At high initial melt fractions, random cuts through the center of the sample almost always reveal the intersection of a number of channels. At lower melt fractions, the probability of sectioning through a channel is small. These observations indicate that the number density of the channels in samples with large melt fractions is larger than in samples with small melt fractions. Indeed, the relative scarcity of channels at lower melt fractions makes measurement of channel spacing difficult. Nevertheless, as illustrated in Fig. 14 , the spacing of the channels measured on 2-D sections close to the partially molten rock-melt source interface is $2 mm. This spacing increases away from the partially molten rock-melt source interface as fewer channels propagate through the rock. The melt-rich channels that form in experiments with a high initial melt fraction in the partially molten rock (/ % 0Á2) often contain an elliptical core composed only of glass (Fig. 12 ). An Ol þ glass layer that is identical to the reaction layer described above surrounds this core.
Observations on 2-D sections polished perpendicular to the melt flow direction also show that the channels have an elliptical shape, but with a lower aspect ratio than observed in sections parallel to the melt flow direction. Hence, the melt-rich channels have elliptical bloblike shapes that are elongated in the transport direction.
In experiments on samples with a lower initial melt fraction (/ % 0Á04), the channels contain less glass and have a higher aspect ratio in sections parallel to the flow direction; that is, they are thinner than channels that form in samples with higher initial melt fractions (Fig. 12d) . The spatial continuity of the channels in the partially molten rocks is hard to evaluate. In two dimensions, the termination of a channel can either be due to the channel becoming diminished into grain-scale tubules, or the channel having moved out of the plane of observation. In both 3-D and 2-D observations, it appears that many of the channels that form in samples with high initial melt fraction in the partially molten rock (/ % 0Á2) have a morphology that could be described as a 'string of pearls' with elliptical, glass-rich blobs pinched off at their extremities (e.g. Figs 12a-c  and 13a ). Nevertheless, as illustrated in Fig. 13b , over longer time periods, the dominant channels develop a pipe-shaped geometry in three dimensions. Channels that anastomose from the melt source through the whole height of the partially molten rock into the sink can be located on 2-D sections by observing the larger olivine phenocrysts present in the melt source. These olivine phenocrysts, which are present after hot-pressing in the melt reservoir (Fig. 2d) , have a distinct grain size (Fig. 4 ) and chemical composition (Fig. 5) . The fact that the olivine phenocrysts are randomly distributed in the hot-press (Fig. 2d) before the infiltration experiment indicates that, for the phenocrysts to aggregate in large numbers as observed in Fig. 9c and d, they must be advected by the melt flow toward major channel entrances. As observed in Fig.  15 , the phenocrysts are also indicators of melt flow. If no focused melt flow occurs, the phenocrysts gravitationally settle toward the bottom of the melt source (Fig. 15b) ; however, if channelization occurs, the phenocrysts become locally entrained in the melt-rich channels (Fig. 15a) .
Chemical evolution
The changes in chemical composition in the vicinity of a melt-rich channel are summarized in Fig. 16 . In general, three melt domains can be distinguished based on chemical composition: (1) glass in the reservoir, far away from the reaction layer; (2) glass in the reaction layer and channel; (3) glass in pools present in the partially molten rock.
The composition of the glass in the channel is the most spatially variable. For example, the Na 2 O content in the glass pools in the partially molten rock is higher than in the glass in the channels, which in turn is higher than that in the glass in the melt source (see Fig. 16g and h). The variability of the glass composition within the melt-rich channel is best seen in Al 2 O 3 / (CaO þ K 2 O þ Na 2 O) (ACKN) composition space, where distinct layering appears. Glass inside a melt-rich channel is usually more SiO 2 rich than the glass in the melt source, but slightly less SiO 2 rich than glass in the reaction layer, as illustrated in Fig. 16a .
In Fig. 17 , we further analyze the relative changes in melt composition by plotting the composition of single melt domains normalized to the composition in the reservoir at some distance from the reaction layer. The interstitial glass in the reaction layer as well as in the channel is enriched in CaO, SiO 2 and Al 2 O 3 and depleted in MgO and FeO with respect to the reservoir glass. The glass in the pools in the partially molten rock is enriched in Na 2 O, K 2 O, SiO 2 , FeO and Al 2 O 3 and depleted in CaO with respect to the melt source. The Mg# [defined as molar 100 Â Mg/(Mg þ Fe) tot ] of the interstitial glass in the reaction layer and channels is lower (Mg# % 45) than in the melt source glass (Mg# % 55), with the lowest values right at the reaction front (Mg# % 20). In Fig. 18a , high-magnification BSE images of the reactive interface reveal quench and euhedral Cpx crystals. Similarly, the Mg# is also low ($25) in glass pools in the partially molten rock where euhedral Cpx as well as quench crystals are common as shown in Fig. 18b .
The iron content of Ol in the reaction layer and in the channel ($Fo 83 ) is higher than in the Ol in the starting material (Fo 87 ). The highest iron contents (Fo 75-80 ) occur in the large olivine phenocrysts present in the melt source and advected into the channels ( Fig. 16c and f).
DISCUSSION
In previous sections, we documented the development of melt-rich channels in experiments on mantle rocks. In this section, we demonstrate that the melt-rich channels form as a result of a feedback between the increase in permeability due to melt-rock reaction and the associated increase in melt flux in the reacting regions. Further, we seek additional constraints on the melt-flow velocity, a crucial parameter in the RII theory, based on the microstructural observations presented above. Finally, we calculate the Damkö hler and Pé clet numbers for our experiments and discuss implications for melt extraction in nature.
Reaction
Our microstructural observations demonstrate that both Cpx and Ol reacted with the melt as summarized by the following reaction: Cpx þ Ol 1 þ melt 1 ! Ol 2 þ melt 2 . The dissolution of pyroxenes and precipitation of olivine occurred in a number of dissolution couple studies in which either harzburgite (Ol þ Opx) or lherzolite (Ol þ Opx þ Cpx 6 Spinel) reacted with a basaltic melt (alkali basalt or MORB) (e.g. Daines & Kohlstedt, 1994; Morgan & Liang, 2003 Beck et al., 2006; van den Bleeken et al., 2010; Wang et al., 2013) . In our experiments, the silica-undersaturated melt in the source dissolves pyroxenes faster than Ol. The olivine in the reaction layer has a distinct, more homogeneous and more iron-rich composition than the olivine in the starting material (Fo 83 vs Fo 88 ). Zoning is not visible in most of the BSE images of olivine grains in the reaction layer (Fig. 10) , indicating that they probably precipitated from the melt. The bright, iron-rich rims are typically inferred to grow during quenching of the experiment (e.g. Jaques & Green, 1979) and, therefore, were not present during the experiment. Only a few large Ol grains in the reaction layer show distinct zoning in BSE z-contrast images. The zoning within these grains is probably the result of re-equilibration with the surrounding melt by solid-state diffusion, which is generally slower than dissolution-precipitation from the melt (e.g. Liang, 2003) . The interstitial glass in the reaction layer and channels (far from Cpx quench crystals) is enriched in SiO 2 and CaO, consistent with preferential dissolution of Cpx by the incoming melt. The depletion in MgO and FeO relative to the glass in the reservoir is caused by the precipitation of new Ol in the reaction layer (Fig. 17) . With Ol:Cpx:melt ratios of 48:48:4, 45:45:10 and 40:40:20 in experiments with respectively 4, 10 and 20% melt added, the olivine content in the reaction layer rises from 40-48% to 60-80%, indicating that Ol precipitated from the melt in agreement with chemical arguments. The reaction produced a layer formed exclusively of Ol and glass as documented in Fig. 10 .
The composition of the glass in the pools in the partially molten rock is modified by growth of Cpx crystals (Fig. 18) , which leads to depletion of CaO and MgO in the remaining glass (Figs 16 and 17) . Also, the relative enrichment in Na 2 O points to a decrease in the volume of melt due to crystal growth. The chemical composition of the glass in the channel is spatially heterogeneous as shown by the layering observable in ACKN space (Fig. 16h) . At the interface between the melt-rich channel and the partially molten rock, where only Ol þ glass is present, the composition of the glass is similar to that in the reaction layer further away from a channel (Fig. 16) . The glass core of a channel typically contains less SiO 2 than the glass in the reaction layer.
Permeability evolution
Our microstructural observations document a significantly higher melt fraction in the reaction layer than in the starting partially molten rock. Further, the Ol grains are larger in the reaction layer than in the partially molten rock, and their size increases with increasing anneal time as shown in Fig. 11 . The higher melt fraction and larger grain size both increase the permeability of the reaction layer with respect to that of the partially molten rock. The rate of grain growth is typically described by an expression of the form
where d f and d i are the final and initial grain size, respectively, m is the grain growth exponent, k is a rate constant, and t is time (e.g. Karato, 1989; Evans et al., 2001; Faul & Scott, 2006) . Our larger dataset at 1200 C is well fitted with a grain growth exponent of m % 4, whereas the smaller dataset at 1250 C is better fitted with a larger value for the grain growth exponent of m % 6Á5. A grain growth exponent of $4 was obtained in experiments on partially molten olivine aggregates with a substantially smaller melt fraction that were run for much longer times (Faul & Scott, 2006) , suggesting that similar grain growth mechanisms operate in our mineralogically complex experiments at high melt fractions. Morgan & Liang (2005) observed a linear relationship between olivine grain size in a reaction layer and time during dissolution of lherzolite in alkali basalt. Our data can also be reasonably fitted with a similar linear relationship; however, such a relationship can only be valid over short experimental timescales as it would predict unreasonably large grain sizes for geological timescales.
The slight increase of melt fraction in the reaction layer with increasing anneal time (Fig. 11b) could be due to an influx of melt or could be caused by gravitational settling of the Ol grains. Taking the grain size and melt fraction increase into account, Fig. 19 shows the increase in permeability due to reaction. The reaction at the melt reservoir-partially molten rock interface increases the permeability by a factor of three to 800. The largest increase in permeability occurs in experiments with the lowest initial melt fraction, as the melt fraction in the reaction layer is only weakly dependent on the initial melt fraction in the partially molten rock (Fig. 11b) . Our microstructural observations confirm that the reaction indeed produces an increase in the permeability of the partially molten rock, one of the prerequisites for the formation of RIIs (see the Theory section).
Additional constraints on melt velocity
In our calculations of melt flow velocity in Fig. 8 , we rely on the applicability of Darcy's Law, knowledge of the melt viscosity, and control of the pressure gradient, as well as on the validity of the porosity-permeability relationship at our experimental conditions [equation (2)]. All these quantities are subject to uncertainties. For example, the melt composition evolves over the experimental timescale due to the reaction with the rock, which changes the viscosity of the percolating melt and, therefore, the melt flow velocity [equation (1)]. Furthermore, the pressure gradient acting on the melt can be influenced by compaction of the partially molten rock and can be significantly more complex than assumed in our simple calculation [i.e. (P p -P c )/'] as discussed in more detail below. Also, we neglected any net volume change associated with the storage capacity of the partially molten rock.
Uncertainty in the melt fraction needed to calculate permeability [equation (2)] stems from the fact that it is hard to evaluate the precise melt fraction that participates in porous flow. Some of the melt is trapped in isolated pores and pools not participating in porous flow at the experimental conditions (Bernabé et al., 2003) . Several larger glass pools present in the starting material (Fig. 2) probably cause an overestimate of the value of / in equation (2) used to calculate the permeability and derive the melt velocity from the Darcy flux (recall that w 0 ¼ q//). In addition, chemical reactions in the Ol þ Cpx þ alkali basalt mixtures modify the total amount of melt in the starting materials by, for example, precipitating Cpx crystals as discussed above. Also, the melt fraction is expected to be higher at 1250 C than at 1200 C. Apart from these uncertainties in the melt fraction participating in porous flow at the experimental conditions, the choice of porosity-permeability parameterization results in differences in melt flow velocity of $1 order of magnitude as shown in Fig. 8 . Further, the different wetting behavior of Ol and Cpx influences the permeability of our aggregates (Zhu & Hirth, 2003) and, hence, again the melt flow velocity. However, a recent study on harzburgite rocks yielded an identical porosity-permeability relationship to pure olivine aggregates at melt fractions higher than 0Á03 (Miller et al., 2016) , indicating that the presence of a secondary phase with a higher dihedral angle does not critically influence permeability at elevated melt fractions. Finally, the calculated melt velocity is valid only at the beginning of the experiment and serves as an initial condition from which the system evolves. Once reaction starts modifying the permeability and incipient channels develop, the flow velocity field must be strongly divergent, with much faster flow rates through the channels than through the matrix, such that the net permeability of the partially molten rock is mostly controlled by the highpermeability channels. With all these uncertainties, additional constraints on the melt flow velocity in our experiments are valuable. As noted above, the Ol phenocrysts, which are present in the alkali basalt melt source (Fig. 2d) , are good indicators of melt flow. These phenocrysts are advected toward major channel entrances and occasionally into the channels (Fig. 12) . Ol phenocrysts clearly concentrate at channel entrances (Figs 9 and 15b) . We calculated the minimum melt velocity through the channels from the settling velocity, V, of the olivine phenocrysts based on Stokes Law (Stokes, 1851):
where q solid is density of olivine (3325 kg m -3 ), q fluid is melt density (2770 kg m -3 ), m is the melt viscosity (75 Pa s -1 at 1200 C and 33 Pa s -1 at 1250 C), g is acceleration due to gravity (9Á8 ms -2 ), and r is the grain radius. To keep the largest grains (d equ % 300 mm, Fig. 15 ) in suspension, the lower bound for melt flow velocity through the channels is $0Á5 mm s -1 , within the range of melt migration velocities calculated for porous flow irrespective of the porosity-permeability relationship used (Fig. 8) . In samples annealed under small pressure gradients that do not form channels, phenocrysts settle toward the bottom of the melt reservoir. In these experiments, the porous flow velocity must be <0Á5 mm s -1 to allow crystals to settle. This condition is met with the porosity-permeability relationship of Wark & Watson (1998) , which yields porous flow velocities of 0Á05-0Á1 mm s -1 . The porosity-permeability relationship of Miller et al. (2014) leads to somewhat higher velocities of 1-1Á4 mm s -1 (Table 3) . Furthermore, the shape of the melt reservoir does not change and only minor amounts of melt are present in the porous sink in experiments in which channels did not develop [ Fig. 7b ; see also fig. 2 of Pec et al. (2015) ]. We therefore infer that the melt does not percolate all the way from the melt source to the melt sink in these channel-free experiments.
Calculation of Damkö hler and Pé clet numbers
As discussed in the Introduction, numerical models and theoretical analysis of RIIs are typically cast in terms of two non-dimensional quantities, the Pé clet number [equation (3)], which quantifies the dispersion rate with respect to the transport rate, and the Damkö hler number [equation (4)], which quantifies the reaction rate with respect to the transport rate. One of the characteristics of reactive flows is the impossibility of defining dimensionless numbers that remain constant throughout the experiment, because the microstructure of the rock evolves over time as a result of the reaction (e.g. Daccord et al., 1993a Daccord et al., , 1993b . One way to deal with this difficulty is to determine the effect of Da and Pe for the initial system. This approach is similar to the use of compaction length (McKenzie, 1984) , which can also be defined only for the initial, non-segregated system.
Values for four parameters-w 0 , R eff , D and L-are needed to calculate Pe and Da as defined in equations (3) and (4). First, we calculated the melt flow velocity, w 0 , based on the calculated permeability and pressure gradient (Fig. 8 ) using Darcy's Law [equation (1)]. As discussed above, the choice of a particular porositypermeability relationship influences the melt flow velocity by an order of magnitude and propagates into the calculation of the Damkö hler and Pé clet numbers. Ultimately, however, this difference is not critical because w 0 is present in both Da and Pe, resulting only in a translation of the calculated trends in Da and Pe space as shown in Fig. 20a and b. Second, we estimate the effective reaction rate constant, R eff [equation (5)]. Our microstructural observations indicate that both Cpx and Ol react with the melt by the following reaction: Cpx þ Ol 1 þ melt 1 ! Ol 2 þ melt 2 . Measurements of the convective dissolution rate of Cpx and Ol in basaltic melts demonstrate that Cpx dissolves faster than Ol, especially at elevated temperatures (Chen & Zhang, 2008 . The linear dissolution rate [r in equation (5)] of Cpx at 1200 C is 0Á004 mm s -1 , increasing by about an order of magnitude to 0Á05 mm s -1 at 1250 C. The linear dissolution rate of Ol at 1200 C is 0Á002 mm s -1 , which increases to 0Á009 mm s -1 at 1250 C [ fig. 10 of Chen & Zhang (2009)] . Values reported in an earlier study using an alkali basalt were somewhat slower, with dissolution rates of $0Á01 mm s -1 for Cpx and $0Á0002 mm s -1 for Ol at T ¼ 1250 C and P c ¼ 500 MPa (Brearley & Scarfe, 1986 ). In the absence of any study conducted at our exact experimental conditions, we use the values from Chen & Zhang (2008 , keeping in mind that they conducted experiments at higher pressures (P c % 500-1500 MPa) and that the chemical composition of their starting materials was somewhat different from ours; their basalt had $4Á5 wt % more SiO 2 and 2Á5 wt % less MgO than our alkali basalt and their Cpx was almost FeO tot free. Ol was San Carlos olivine in both cases. The reaction rate constant, R [ Table 2 , equation (9)], is then obtained by multiplying the linear dissolution rate, r, by the density of the dissolving solid (q cpx ¼ 3200 kg m ). Next, we calculated the effective reaction rate constant, R eff , which takes into account the specific surface area available for reaction and the ratio of solid/liquid surface area to the total surface area, because only wetted grains can dissolve in the reactive melt [see equation (5)]. For spherical grains, the surface area is pd equ 2 and the volume is pd equ 3 /6, yielding
With the mean measured grain sizes of Ol and Cpx in the starting material (Fig. 4) , SSA Ol is 1Á15 mm 2 mm -3 and SSA Cpx is 1Á8 mm 2 mm -3 . Because the melt fraction in the reaction layer shortly after the beginning of the experiments is 0Á25 at 1200 C and 0Á3 at 1250 C (Fig. 12b) , we assume that only 25-30% of the grains are in contact with reactive melt. This value might underestimate the total amount of wetted and dissolving grains; however, changing this assumption influences again only the absolute values of Da, not the trend. For an Ol to Cpx ratio of 50:50 in the starting melt, we obtain values for effective reaction rate constants at t ¼ 0 for single minerals as a function of temperature and mineralogy, as summarized in Table 2 . We choose to calculate the Da for both Ol and Cpx because our experiments represent an open system where melt is removed into the sink and, furthermore, the melt has a spatially variable chemical composition. Therefore, it is difficult to define the stoichiometry of the reaction. Hence the Da values for Ol and Cpx serve as upper and lower bounds.
Third, to estimate the hydrodynamic dispersion of the fluid, D [equation (7)], we used the diffusivity of the dissolving species in the liquid (e.g. Daccord et al., 1993a Daccord et al., , 1993b Aharonov et al., 1995) . Based on results from a study of the reactive dissolution of a harzburgite in alkali basalt, the slowest diffusing species in the melt is SiO 2 (Morgan & Liang, 2003) . Our experiments yield D % 10 -13 m 2 s -1 at 1200 C and D % 10 -12 m 2 s -1 at 1250 C, based on the reaction layer growth velocity (Fig. 11c) .
Fourth, we defined the length scale of interest, L [equations (3) and (4)], as the size of samples parallel to the flow direction.
Our experimental results are summarized in Damkö hler-Pé clet space in Fig. 20 . Channels always formed in experiments with high Pe and low Da. However, at high Da and low Pe, channels do not always form (full symbols in Fig. 20) . The correlation of channel formation with Da and/or Pe is worse than in pressure gradient-melt flow velocity space (Fig. 8) . In the latter, channels consistently did not form in experiments with slow melt flow velocities. This behavior is probably due to the combination of many parameters that go into the calculation of Da and Pe, highlighting the uncertainties in the estimation of single quantities as discussed above.
The most obvious trend in the data is given by the 1/w 0 dependence in Damkö hler number and w 0 /1 dependence of Pé clet number ( Fig. 20a and b) . Movement perpendicular to this general trend can be achieved by modifying, for example, the reactivity as shown by the higher Da for Cpx, the more reactive phase than Ol in our experiments.
Many interconnections exist between the porous flow equations and Da and Pe in physical experiments. (2)] is normalized to initial permeability (see Fig. 6 ). Filled symbols, experiments without melt-rich channels; open symbols, experiments with developed channels. Channel spacing and morphology Spiegelman et al. (2001) demonstrated that the channel spacing during reactive melt migration depends on the product of the Pe [equation (3)] and Da [equation (4)] in their numerical models; that is, on
Closely spaced channels appear at high values of Da Â Pe, and the spacing increases as the product of Da Â Pe decreases [see plate 2 of Spiegelman et al. (2001) ]. However, the range in Da and Pe explored by Spiegelman et al. (2001) was modest (10-160). In our experiments, with a much larger space covered in Da and Pe (Fig. 20) , the channel spacing is nearly constant at $2 mm (Fig. 14) . This behavior might be due to the fact that Da and Pe do not vary independently, as discussed above, and the range product of Da Â Pe is limited for our suite of experiments ( Fig. 20c ; see also Szymczak & Ladd, 2014) . Therefore, based on the Spiegelman et al. (2001) study, a constant channel spacing might be expected. However, there is one important difference between the theoretical model of Spiegelman et al. (2001) and our experiments. In the models, the high-permeability channels represent low-pressure features into which melt is sucked from the surroundings. Melting also occurs in the channels, but their melt fraction is stable or slowly growing. Thus, they are compacting, with solid also flowing into them. In our experiments, the cores of the channels are formed of pure melt, indicating that de-compaction and divergent fluid flow probably occur, both of which would tend to drive crystals outward. The interconnectivity and persistence of channels in our experiments is an interesting and difficult to resolve issue. As discussed, the melt-rich channels that formed in experiments on samples with a high initial melt fraction in the partially molten rock have an elliptical core composed of pure glass that is often pinched off at its extremities yielding a 'string of pearls' morphology (e.g. Fig. 12c) . Each of the glass cores is significantly larger than the glass pools observed in the starting materials and hence must have formed during the experiment. One possible explanation is that the channels are very tortuous in three dimensions, and the pinching off observed on the polished surface is a sectioning effect; that is, the channel is continuous but moves out of the plane of observation. Alternatively, the melt travels in distinct pulses in the form of elongated blobs that are not interconnected as modeled in theory (e.g. Aharonov et al., 1995; Connolly & Podladchikov, 1998 . Whenever a melt core in a channel is directly connected to the melt reservoir, it should be pressurized to the value of the confining pressure (i.e. 300 MPa), because the high permeability of the channel offers little resistance to flow. The consequence is that the distance over which the pressure difference between the reservoir and the sink acts is shortened, leading to an increase in the fluid pressure gradient near the tip of a propagating channel as illustrated in Fig. 21 . The observation that the channels tend to form a string of pearl morphology might indicate that long melt channels are unstable and Fig. 21 . Pressure distribution in a propagating channel. (a) Sketch of a melt infiltration triplet with a developed channel. P p2 , pressure at the outflow boundary maintained in the rigid porous sink; P p1 acts on the whole assembly; ' ini , initial distance from the melt source to the melt sink; ' ch , distance from the tip of the channel to the melt sink. (b) Possible pressure distributions in the partially molten rock and the channel. The shortening of ' leads to an increase in the pressure gradient in front of a propagating channel.
collapse under the pressure of the surrounding partially molten rock, which is being pushed radially by the same confining pressure (see Fig. 1 ).
Implications for melt extraction in nature
The melt-rich channels that form in our experiments develop because the reaction that consumes all of the Cpx in the reaction layer increases the permeability and ultimately leads to an infiltration instability. The layer that is left behind is composed of Ol þ melt. If the melt was extracted from this reaction layer, a dunite (>90% Ol) channel would form, as observed in outcrops in nature (e.g. Kelemen & Dick, 1995; Kelemen et al., 2000; Braun & Kelemen, 2002; Sundberg et al., 2010; Kruckenberg et al. 2013) . We expect that a reactioninduced channelization similar to that observed in this study with partially molten rocks formed of Ol þ Cpx should occur also in other mantle lithologies (harzburgite: Ol þ Opx; lherzolite: Ol þ Opx þ Cpx), provided that the permeability is increased by the reaction. In an investigation by Morgan & Liang (2003 of the reaction of lherzolite and harzburgite with alkali basalt, a similar reaction layer to that in our experiments formed. The melt fraction as well as grain size in their reaction layer was increased relative to the starting materials, and, therefore, the reaction of the melt with the lherzolite or harzburgite also increased the permeability of the partially molten rock. Therefore, it is likely that channels similar to those observed in our experiments would form if the rocks had been annealed under a pressure gradient. We will test this hypothesis in future experiments. Whereas the mineralogical composition of our channels is in broad agreement with natural observations, the morphology of the melt-rich channels is not. The channels are blob-shaped to finger-like, elongated in the transport direction with a more or less circular cross-section perpendicular to the main flow direction. The dunite bodies observed in ophiolite massifs in nature have a tabular anastomosing morphology (e.g. Kelemen et al., 2000; Braun & Kelemen, 2002) and often coincide with shear zones (Kelemen & Dick, 1995; Kruckenberg et al., 2013) . Stress-driven melt segregation leads to the development of anastomosing, tabular melt-rich bodies in experiments (Holtzman et al., 2003) and is also probably responsible for the selforganization of melt into tabular sheets in nature. Hence, both reaction-driven melt segregation and stress-driven melt segregation appear to co-operate in nature to extract melt from the partially molten mantle.
The direct extrapolation of our results to nature is not trivial. Several complications exist. Unlike in nature, in experiments an infinite supply of heat is available (the furnace holding a set temperature). In nature, melt viscosity is strongly temperature and composition dependent; as the melt ascends, cools and reacts with the surrounding rocks, changes in viscosity and hence melt flow velocity have to be tracked. Furthermore, the dissolution rates of mantle minerals in basaltic melts are pressure dependent, such that a cross-over pressure exists at which Ol becomes the faster dissolving mineral (e.g. Brearley & Scarfe, 1986; Walter et al., 1995; Longhi, 2002) , changing the mineralogical signature of the percolating melt. Finally, as discussed above, the interdependences in porous flow equations and RII equations have to be rigorously traced to ensure internal compatibility of the results. Despite significant progress over the last few years (e.g. Baltzell et al., 2015; Jordan & Hesse, 2015; Keller & Katz, 2016) , it remains a challenge for numerical modelers to incorporate these effects into models of melt migration in the mantle.
CONCLUSIONS
Our experiments demonstrate the channelization of melt flow due to reaction. The resulting channels grow from initial perturbations in the permeability present in the partially molten rocks, and their morphology is affected by the initial melt fraction in the partially molten rock. The reaction increases the permeability, and, hence, a positive feedback loop develops. Over time, all of the pyroxene in the channels is dissolved, leaving behind only olivine and melt, thereby forming a dunite channel. Our experiments are consistent with general predictions of RII theory applied to mantle rocks. At least to the first order, the theory seems to be applicable to partially molten rocks.
on selected samples using a North Star Imaging X5000 high-resolution microCT system equipped with a Feinfocus FXE X-ray source and a Dexela 2923 detector at 140 kV and 144 mA achieving a 5 mm voxel size. Subsequently, the samples were cut parallel to the melt flow direction, polished with diamond lapping films down to 0Á5 mm, and chemically etched using colloidal silica for $15 min. Several samples were also cut and polished perpendicular to the flow direction. The polished samples were then imaged using reflected light microscopy. To obtain high-resolution mosaics of the whole sample, all samples were imaged at a magnification of 50 Â (1 pixel ¼ 1Á29 mm), and selected samples were also imaged at a magnification of 200 Â (1 pixel ¼ 0Á32 mm). High-resolution backscattered electron (BSE) images showing atomic number contrast were obtained with a Hitachi SU-8230 field emission scanning electron microscope equipped with a photodiode BSE detector and a solid-state energy-dispersive spectrometer (EDS) at 15 kV acceleration voltage and 10 mA current. Finally, chemical composition of single phases and quantitative element distribution maps were obtained by electron microprobe analysis (EMPA) using a JEOL-8900 system equipped with wavelengthdispersive spectrometers (WDS) at 15 kV acceleration voltage. Electron microprobe analyses were carried out at the Electron Microprobe Laboratory, Department of Earth Sciences, University of Minnesota-Twin Cities.
Image analysis
To visualize the distribution of glass in three dimensions, the X-ray CT images were downsized from the original resolution (voxel size of $5 mm) to a voxel size of 10 mm to obtain a manageable dataset and smoothed using a 3-D statistical region-merging algorithm with Avizo TM software. The doping of the melt source with a heavy element provided enough contrast between the glass and the rock to make distinction of single melt-rich channels possible. Selecting a gray value appropriate for the channel with a 'magic wand' tool and propagating the selection through all images segmented large melt-rich channels. Minor channels had to be segmented manually.
To visualize the glass distribution at a higher resolution in two dimensions, the reflected light images obtained at 200 Â were stitched together using Fiji's (http:// fiji.sc/Fiji, Schindelin et al., 2012) stitching plug-in (Preibisch et al., 2009) . Subsequently, the images were smoothed using a median filter and segmented using a statistical region-merging algorithm (Nock & Nielsen, 2004) , which groups together similar intensity values within an image. To obtain binary images containing only the feature of interest, a threshold gray value corresponding to the quenched glass was selected on the pre-processed images. Further manual processing using Adobe Photoshop TM ensured that all glass was properly identified by comparison with the original image. To obtain spatially averaged melt fractions, the binary image was blurred using a Gaussian blur filter with a diameter of 30 mm in Photoshop TM . Such images can be used to evaluate the relative abundance of glass within one sample. However, the accuracy of these measurements is limited, as the total amount of glass identifiable in the sample is sensitive to the etching time as well as the selected gray value used for the threshold. Therefore, the average melt fraction determined by image analysis over the region of interest (Fig. 2) was normalized to the nominal value of basalt powder added (4, 10 and 20 vol. %) to the samples during hot pressing of the starting material powders.
To analyze the grain size distributions, grains were manually traced from high-resolution BSE images. By grain size we refer to the equivalent diameter of a circle, d equ , with an identical area to the grain (see Heilbronner & Barrett, 2014, pp. 187-199) ; mean grain size refers to the number weighted mean of d equ .
